AbsTrACT background Hearing loss is a genetically and phenotypically heterogeneous disorder. Objectives the purpose of this study was to determine the genetic cause underlying the postlingual progressive hearing loss in two iranian families. Methods We used OtoScOPe, a next-generation sequencing platform targeting >150 genes causally linked to deafness, to screen two deaf probands. Data analysis was completed using a custom bioinformatics pipeline, and variants were functionally assessed using minigene splicing assays. results We identified two homozygous splice-altering variants (c.37g>t and c.662-1g>c) in the CEACAM16 gene, segregating with the deafness in each family. the minigene splicing results revealed the c.37g>t results in complete skipping of exon 2 and loss of the aUg start site. the c.662-1g>c activates a cryptic splice site inside exon 5 resulting in a shift in the mrna reading frame. Conclusions these results suggest that loss-offunction mutations in CEACAM16 result in postlingual progressive hearing impairment and further support the role of ceacaM16 in auditory function.
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InTrOduCTIOn
The genetic, mutational and phenotypic landscape of deafness is vast. Currently, more than 150 genes (http:// here dita ryhe arin gloss. org/) harbouring in aggregate more than 7000 pathogenic variants (http:// deaf ness vari atio ndat abase. org/) are implicated in hearing loss. This genetic and mutational heterogeneity gives rise to a broad phenotypic spectrum. Roughly 1 in 5 genes associated with hearing loss exhibit pleiotropy; alterations in these genes can give rise to autosomal recessive or autosomal dominant, non-syndromic or even syndromic forms of hearing loss. Unravelling this genotype-phenotype continuum is essential in the era of personalised medicine.
Normal cochlear function depends on the harmonious synchrony of many molecular factors. The tectorial membrane (TM), for example, is a complex extracellular matrix of collagens and glycoproteins that covers the surface of the cochlear sensory epithelium and attaches to the tallest row of stereocilia of outer hair cell hair bundles (as reviewed by Richardson et al 1 ) . Its physical properties are dependent on its both porous structure, which is defined by its macromolecular matrix and the interstitial fluid within this matrix. Changes in these properties alter fluid flow dynamics, basilar membrane motion and wave tuning and lead to hearing loss, as evidenced by the broad spectrum of pathogenic variation in genes that encode TM proteins.
One gene essential to normal TM function is CEACAM16 (OMIM# 614614). It is expressed almost exclusively in the inner ear, 2 where it is transcribed and translated in the supporting cells and secreted into the matrix of the TM. 3 The encoded 425-amino acid peptide belongs to the large and diverse carcinoembryonic antigen-related cell adhesion molecule (CEACAM) family. Unlike other members of this family, CEACAM16 has two lg-like V-type domains flanking two Ig-like C2-type domains and no transmembrane domain/anchor. 4 5 CEACAM16 interacts with other TM proteins like TECTA and TECTB 3 4 and its targeted deletion in mice results in pathomorphological defects of the TM and hearing loss. 2 3 To date, CEACM16 has been described only as a cause of Autosomal Dominant Nonsyndromic Hearing Loss (ADNSHL) (two families and one de novo case 4 6 7 ). Here, we show that variation in CEACAM16 also causes mild-to-moderate progressive Autosomal Recessive Nonsyndromic Hearing Loss (ARNSHL), adding CEACAM16 to the growing list of genes that cause both ADNSHL and ARNSHL in humans.
MATerIAls And MeThOds subjects
Two Iranian families with progressive mild-to-moderate hearing loss were ascertained for this study. Affected individuals underwent clinical evaluation and pure tone audiometry. After obtaining written informed consent to participate in this study, blood samples were obtained from all family members.
Targeted genomic enrichment and massively parallel sequencing
Targeted genomic enrichment with massively parallel sequencing using the OtoSCOPE platform (V.7) was performed on the proband from each family to screen ~150 known genes implicated in N o n s y n d r o m i c H e a r i n g L o s s (NSHL) and common syndromic forms of deafness for pathogenic and likely pathogenic variants as described. [8] [9] [10] [11] Enriched libraries were sequenced on the Illumina HiSeq 2500 (Illumina, San Diego, California, USA) using 100 bp paired-end reads at the Genomics Division of the Iowa Institute of Human Genetics.
Genotype-phenotype correlations bioinformatic analysis
Data analysis was performed using a custom bioinformatic and annotation pipeline, as described. 8 12 13 Briefly, sequencing reads were mapped to the National Center for Biotechnology Information (NCBI) Build 37 reference genome using Burrows-Wheeler Aligner (BWA 14 )followed by variant calling using Genomic Analysis Tool Kit (GATK). 15 Variants were first filtered for quality (depth >10 and quality score >30) followed by minor allele frequency (<2% in: 1000 Genomes Project database; the National Heart, Lung, and Blood Institute Exome Sequencing Project Exome Variant Server; the Exome Aggregation Consortium (ExAC); Genome Aggregation Database (gnomAD)). Variants were then prioritised based on conservation (GERP and PhyloP), predicted deleteriousness (SIFT, PolyPhen2, MutationTaster, LRT and CADD (the Combined Annotation Dependent Depletion)) and variant type (missense, nonsense, indel or splicesite). Potential effects on splicing were analysed using Human Splicing Finder (HSF) 3.0 (http://www. umd. be/ HSF3/). All samples were analysed for copy number variants (CNVs) using a sliding-window method to assess read-depth ratios. 16 Variant nomenclature follows the recommended Human Genome Variation Society (HGVS) naming convention. 17 Variants reported here have been submitted to the Deafness Variation Database (http:// deaf ness vari atio ndat abase. org/) for integration and curation.
segregation analysis sanger sequencing
Segregation analysis of candidate variants was completed by Sanger sequencing on an ABI 3730 Sequencer (Perkin Elmer, Waltham, Massachusetts, USA). All sequencing chromatograms were compared with published cDNA sequence for CEACAM16 (NM_001039213.3); nucleotide changes were detected using Sequencer V.5 (Gene Code Corporation, Ann Arbor, Michigan, USA).
In vitro splicing analysis
In vitro splicing minigene assays were carried out as described. 9 Wild-type (WT) CEACAM16 (NM_001039213.3) exon 2 or exon 5 was PCR amplified with gene-specific primers and ligated into the preconstructed pET01 Exontrap vector (MoBiTec, Goettingen, Germany). Using the manufacture's protocols, variants were introduced into the WT sequences using QuikChange Lightning Site-Directed Mutagenesis (Agilent, Santa Clara, California, USA). Colonies were selected and grown, and plasmid DNA was harvested using the Zyppy Plasmid Midiprep Kit (ZYMO Research, Irvine, California, USA). After sequence confirmation, WT and mutant minigenes were transfected in triplicate into COS7 and HEK293 cells, and total RNA was extracted 36 hours post-transfection using the Quick-RNA MiniPrep Plus kit (ZYMO Research). Using a primer specific to the 3′ native exon of the pET01 vector, cDNA was synthesised using RNA SuperScript III Reverse Transcriptase (ThermoFisher Scientific, Waltham, Massachusetts). After PCR amplification, products were visualised on a 1.5% agarose gel, extracted and then sequenced.
resulTs Families
We ascertained two families of Iranian origin, L-890076 and L-8800015, with progressive mild-to-moderate ARSNHL ( figure 1A,B) . In all affected individuals, the hearing loss was postlingual, starting in the second decade. With the exception of hearing loss, physical examination of affected individuals was unremarkable (table 1) .
VArIAnT IdenTIFICATIOn
Probands from both families were screened using OtoSCOPE V.7. In proband IV.2 of family L-8900076, after variant filtering as described above, 12 variants remained. Further filtering for recessive inheritance left a single homozygous canonicalsplice site variant (c.662-1G>C) in exon 5 of CEACAM16, which segregated with the deafness phenotype in affected siblings and in the extended pedigree ( figure 1A ). In the second family, L-8800015, proband II.2 had only a single variant after filtering, a homozygous transversion (c.37G>T) in the last coding nucleotide of exon 2 in CEACAM16. Segregation analysis showed that this variant also segregated with the hearing loss phenotype ( figure 1B) . No copy number variants were detected in either proband.
Computational and in vitro splicing analysis
Both variants, c.662-1G>C and c.37G>T, were computationally predicted to alter the WT splicing motif and impact splicing. Visualisation of the splicing products for WT and mutant exon 5 revealed: a 234 base pair (bp) band for the empty vector corresponding to the 5′ and 3′ native exons, a 513 bp product with WT sequence showing inclusion of exon 5 of CEACAM16 and two bands for the mutant at 410 bp and 234 bp ( figure 2A ). For the WT and mutant exon 2, bands were seen at 405 bp and 234 bp, respectively (figure 2B). Sequencing all bands confirmed break points and splicing events.
dIsCussIOn
To date, the only phenotype associated with pathogenic variants in CEACAM16 is ADNSHL at the DFNA4B. Herein, we have implicated CEACAM16 as the causative gene underlying the deafness phenotype in two Iranian families. Both variants we identified occur in a canonical splice site, are computationally predicted to alter RNA splicing and are absent from both the gnomAD or ExAC databases (table 2). Individuals homozygous for either of these variants have progressive hearing loss, whereas heterozygous carriers have normal hearing (figure 1).
Human CEACAM16 is a 7-exon gene, although only exons 2-7 are protein coding ( figure 1C) . While the precise function of CEACAM16 is unclear, it is believed to stabilise and organise the protein network of the TM by interacting with TECTA and having an epistatic role on TECTB.
2-4 18 19 Gain-of-function mutations result in ADNSHL, and while loss of Ceacam16 results in murine hearing loss, until this report, a human counterpart was unknown.
In family L-890076, we identified and confirmed segregation of a novel homozygous transversion (c.662-1G>C) in the donor site of exon 5 of CEACAM16 ( figure 1A,C) . The c.662-1 guanine is highly conserved and is computationally predicted to alter proper splicing. To confirm this prediction, we tested the splicing output from minigenes containing WT or mutant exon 5 DNA sequence. In the WT construct, we confirmed the expected inclusion of the cDNA sequence of exon 5 ( figure 2A) . In the mutant, we identified two splicing events. The first is the activation of a cryptic acceptor site (AG) at position c.763-764, the consequence of which is loss of first 103 nucleotides of exon 5 (c.662_764del) and a shift in the mRNA reading frame resulting in premature protein truncation (p.Phe221Cysfs*16), which is predicted to undergo nonsense-medicated decay (NMD) resulting in a null allele 20 ( figure 1C) . The second splicing event is the skipping of the entire exon ( figure 2A ) and consequently the loss of the c.622_940 in the mRNA, resulting in an in-frame deletion (p.Phe221_Ala313delinsSer). Of these two events, the former is more robust (figure 2A). Exon 5 encodes an Ig-like C2-type 2 domain. If NMD did not occur, the p.Phe221Cysfs*16 peptide would lack most of the Ig-like C2-type 2 domain and all of the C-terminus lg-like V-type domain (figure 1C), and if exon 5 is skipped completely, the resultant peptide would lack the entire 
Genotype-phenotype correlations
Ig-like C2-type 2 domain, implying that loss of part or all of exon 5 results in hearing loss.
In family L-8800015, we identified a novel, highly conserved, homozygous variant (c.37G>T) in two siblings with deafness ( figure 1B) . The variant occurs in the last nucleotide of exon 2 ( figure 1C) . Given the variant is located in the U1 small nuclear ribonucleoprotein binding site, [21] [22] [23] we assessed its effects on splicing. The results revealed a 405 bp and a 234 bp band for the Figure 2 Minigene splicing assays. gel electrophoresis of wild-type, empty pet01 vector and the c.662-1g>c (a) and c.37g>t (B). (a) the c.662-1g>c variant abolishes the wild-type acceptor site of exon 5. this results in two mis-splicing events: 1-the activation of a cryptic acceptor site within exon 5 and 2-complete skipping of exon 5. Sequence chromatograms show the read through at each exon junction and sequence alignment shows partial exon 5 deletion due to the activation of the cryptic acceptor site. (B) the c.37g>t variant causes complete exon skipping confirmed by Sanger sequencing. a novel acceptor site was identified upstream of exon 2 in the wild-type construct and was confirmed by Sanger sequencing. asterisk indicates refSeq annotated acceptor site for exon 2 and black bar repersents novel acceptor site.
WT and mutant exon 2 minigenes, respectively. Sequencing of the mutant 234 bp band confirmed complete skipping of exon 2, the first coding exon of the gene (figure 2B). As a consequence, the native ATG-methionine start site is missed. Scanning exon 3, there is an alternative ATG (c.50-52), the use of which alters the reading frame and produces a stop codon after 156 nucleotides. This allele most likely gets targeted for NMD. Besides housing the translation start site, exon 2 also encodes the signal sequence required to translocate CEACAM16 extracellularly ( figure 1C) .
We also noticed an interesting finding in the WT exon 2 minigene. The amplified WT band was 405 nucleotides, although we expected a 367 bp product ( figure 2B ). There is currently only one annotated RefSeq transcript for CEACAM16 (NM_001039213.3). In this transcript, exon 2 spans chr19:45204631-45204763 with the annotated AG acceptor site at chr19:45204629-45204630. We did not detect this annotated acceptor site in any of our experiments. Rather, we detected the inclusion of 38 bp upstream of annotated intron 1 (chr19:45204597-45204630) (figure 2B), with the AG of the novel acceptor site at chr19:45204591-45204592. We further investigated this inclusion event computationally using HSF. The annotated acceptor site has an HSF score of 86.81 with no MaxEnt score, whereas the acceptor site we identified has an HSF score of 87.6 and a MaxEnt score of 7.3. It is unclear how the inclusion of these additional 38 bps would affect the CEACAM16 transcript, but this alterative splicing could be a regulatory mechanism for its temporal and spatial expression. 22 24 Further experiments are needed to elucidate this finding.
The phenotype in our patients is similar to that seen in the Ceacam16 null mouse, which also has progressive hearing impairment. 2 3 To date, three pathogenic variants (p.Thr140Pro, p.Gly169Arg and p.Leu365Arg) in CEACAM16 have been linked to ADNSHL (table 2) . The phenotype associated with each genotype is similar: postlingual progressive hearing loss, initially affecting the high frequencies, with the onset typically late first decade or early second. The phenotype described here in families L-8900076 and L-8800015 ( figure 1A,B) is identical to that seen in DFNA4B individuals. Interestingly, similarity between ADNSHL and ARNSHL phenotypes caused by the same gene is rarely seen with deafness. An in-depth clinical evaluation revealed affected individuals have normal vestibular reflexes, vision, skin, cognitive function and speech development (table 1) . CEACAM16 is expressed in the testes, and Ceacam16 null mice are fertile. Although a semen analysis was not completed, based on the murine data, we do not expect fertility issues for affected individuals.
Finally, that these variants alter mRNA splicing is potentially noteworthy given the advances in therapies targeting RNA splicing, such as antisense oligonucleotides. [25] [26] [27] [28] [29] [30] The variants described here both reside in a canonical splice-site making spliceosome-mediated RNA trans-splicing 31 an option to bypass the altered splicing and produce a functional CEACAM16 mRNA molecule and peptide.
In summary, we have refined the mutational spectrum of CEACAM16 as a cause of hearing loss by including splice-altering variants. This finding expands the phenotypic spectrum of CEACAM16 to include ARNSHL and adds CEACAM16 to the list of deafness genes that exhibit allelic and phenotypic heterogeneity. Expanding our understanding of the mutational spectrum of disease genes is an important step in providing the correct clinical molecular interpretation and diagnosis for patients with hearing loss. Nucleotide numbering starting at the +1 position of transcript NM_001039213.2. Minor allele frequency (MAF) databases include: the Exome Variant Server (EVS), 1000 Genomes (1 KG), Exome Aggregation Consortium (ExAC) and Genome Aggregation Database (gnomAD). Deleteriousness was assessed using five prediction algorithms: MutationTaster (MT), PolyPhen-2 (PP2), Scale Invariant Feature Transform (SIFT), Likelihood Ratio Test (LRT) and Combined Annotation Dependent Depletion (CADD).
-, score not given; B, benign; C, conserved; D, damaging, disease causing or deleterious; P, polymorphism; PD, possibly damaging; T, tolerated;U, unknown.
